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In human subjects with peripheral retinal detachments, visual deﬁcits are not restricted to the detached retina but are also present
in the non-detached tissue. Based upon studies on a rabbit model of rhegmatogenous retinal detachment, we propose a glial cell-
mediated mechanism of spread of retinal degeneration into non-detached retinal areas which may also have importance for the
understanding of alterations in the human retina. Both detached and attached portions of the rabbit retina display photoreceptor
cell degeneration and cystic degeneration of the innermost layers. An inverse mode of photoreceptor cell degeneration in the
attached tissue suggests a disturbed support of the photoreceptor cells by Mu¨ller cells which show various indications of gliosis
(increased expression of intermediate ﬁlaments, cell hypertrophy, decreased plasma membrane K+ conductance, increased Ca2+
responsiveness to purinergic stimulation) in both detached and attached tissues. We propose that gliotic alterations of Mu¨ller cells
contribute to the degeneration of the attached retina, via disturbance of glial homeostasis mechanisms. A down-regulation of the K+
conductance of Mu¨ller cells may prevent eﬀective retinal K+ and water clearance, and may favor photoreceptor cell degeneration
and edema development.
 2005 Elsevier Ltd. All rights reserved.
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Retinal detachment is a major cause of vision loss,
with approximately 15,000 new cases of non-traumatic
retinal detachment every year in the United States
(Regillo & Bensen, 1988). Modern surgical methods in
the treatment of age-related macular degeneration
involves translocation of the retina after the generation
of a temporary detachment (de Juan, Loewenstein,0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2004.08.028
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659.
E-mail address: bria@medizin.uni-leipzig.de (A. Bringmann).Bressler, & Alexander, 1998; Lewis, Kaiser, Lewis, &
Estafanous, 1999b; Machemer, 1998), and proposed
experimental therapies suchaspigmentepitheliumorpho-
toreceptor transplantation, electronic retinal implants, or
injection of trophic factors or vectors into the sub-retinal
space may include short- or long-term detachments. In
order to limit the retinal degeneration caused by detach-
ment, and to optimize the regenerative capacity of the tis-
sue after reattachment surgery, it is necessary to
understand the complex cellular responses to detachment.
Rhegmatogeneous retinal detachment occurs after a
collapse of the vitreous gel and the creation of a retinal
tear by vitreoretinal adhesions through which liqueﬁed
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ent, the only eﬀective treatment of retinal detachment
is surgery. However, an early and ophthalmoscopically
successful retinal reattachment often fails to restore
the normal visual capabilities (Chisholm, McClure, &
Foulds, 1975; Isashiki & Ohba, 1986), and experimental
reattachment does not completely recover the photore-
ceptor cell layer (Anderson, Guerin, Erickson, Stern,
& Fisher, 1986; Kroll & Machemer, 1969). Even in cases
of successful reattachment surgery, patients often de-
scribe permanent defects in color vision and a decline
in visual acuity (Isernhagen & Wilkinson, 1988; Nork,
Millecchia, Stickland, Linberg, & Chao, 1995), and the
recovery of vision after surgical reattachment declines
with the duration of detachment and with age (Burton,
1982). Moreover, after retinal reattachment in cases of
local detachment, functional defects have also been
localized to such areas of the visual ﬁeld which corre-
spond to retinal regions which had not been detached
(Chisholm et al., 1975; Sasoh, Yoshida, Kuze, & Uji,
1997), and the macular function may be also depressed
in cases with purely peripheral detachment (Chisholm
et al., 1975). These observations in human subjects indi-
cate that, in addition to the detached retinal areas, the
surrounding non-detached retina undergoes changes.
The cause for this dysfunction of attached retinal areas,
which may contribute to the impaired recovery of visual
acuity after reattachment surgery, is unclear. In our
experiments using a rabbit model of rhegmatogenous
retinal detachment, we observed distinct degeneration
also of attached retinal areas surrounding a focal
detachment. In the present review of our observations
we propose the hypothesis that the retinal degeneration
in the non-detached retina is caused, at least in part, by
Mu¨ller cell gliosis. Disturbed homeostasis mecha-
nisms—normally maintained by Mu¨ller cells—may
underlie the degeneration of both the outer and inner
retinal layers in the attached areas.
Reactive gliosis may have cytoprotective as well as
cytotoxic eﬀects on retinal neurons. Mu¨ller glial cells
are suggested to be implicated in cytokine-mediated pro-
tection of photoreceptor cells from death (Harada et al.,
2000; Wen et al., 1995); they release antioxidant sub-
stances such as glutathione, and they buﬀer the elevated
extracellular K+ and protect neuronal cells from gluta-
mate and nitric oxide toxicity, particularly by glutamate
uptake and subsequent detoxiﬁcation by glutamine syn-
thesis (Bringmann, Francke, & Reichenbach, 2004). On
the other hand, activated retinal glial cells may also
exert cytotoxic eﬀects under distinct pathological condi-
tions, e.g. by expression of proinﬂammatory cytokines
such as tumor necrosis factor (Cotinet, Goureau, Hicks,
Thillaye-Goldenberg, & de Kozak, 1997; de Kozak,
Naud, Bellot, Faure, & Hicks, 1994, 1997; Drescher &
Whittum-Hudson, 1996), by production of free radicals,
and by failures in the normal glutamate uptake (Li &Puro, 2002) and in extracellular K+ buﬀering which
may exacerbate neuronal hyperactivation and excitotox-
icity (Bringmann, Francke, et al., 2004).
In order to investigate the pathophysiological Mu¨ller
cell responses upon detachment, we used a rabbit model
of focal rhegmatogenous retinal detachment, with the
creation of a small retinal hole and sub-retinal injection
of sodium hyaluronate in order to stabilize the detach-
ment (Faude et al., 2001). One of the main diﬀerences
between human and rabbit retinas is (in addition to
the absence of a cone-dominated macula) the absence
of blood vessels in the sensory retina (with the exception
of the highly myelinated medullary rays). This has
advantages for the investigation of the involvement
and responses of Mu¨ller cells to detachment since
astrocytes (which surround the superﬁcial vessels in
vascularized retinas) are absent, and agonist-evoked
physiological responses can be recorded selectively, e.g.
from the Mu¨ller cell endfeet at the vitreal surface of
retinal wholemounts (Uckermann et al., 2004).2. Outer retinal degeneration
The vision loss caused by retinal detachment is sug-
gested to be predominantly caused by apoptotic photo-
receptor cell death (Chang, Lai, Edward, & Tso, 1995;
Cook, Lewis, Fisher, & Adler, 1995; Fisher & Anderson,
2001), although structural and biochemical rearrange-
ments may occur in various retinal layers (Anderson
et al., 1986; Coblentz, Radeke, Lewis, & Fisher, 2003;
Erickson, Fisher, Anderson, Stern, & Borgula, 1983;
Fisher, Erickson, Lewis, & Anderson, 1991; Lewis,
Matsumoto, & Fisher, 1995, 1998; Marc, Murry, Fisher,
Linberg, & Lewis, 1998) and contribute to vision loss
(Fisher & Lewis, 2003). Photoreceptor cells begin to
die during the ﬁrst day of experimental detachment,
with a maximum occurring around three days, and it
continues to some extent as long as the retina is de-
tached (Hisatomi et al., 2001, 2002; Rex et al., 2002).
The photoreceptor cell loss can be a major cause of an
irreversible change of retina even after reattachment, be-
cause of the failure to regenerate. The vulnerability of
photoreceptor cells has been explained mainly by the hy-
poxia and nutrient deprivation caused by detachment
which leads to an increased distance between the chori-
ocapillaris and the neural retina (Linsenmeier &
Padnick-Silver, 2000; Mervin et al., 1999). This may also
explain the relative preservation of the inner retina
which is trophically supplied by the inner retinal circula-
tion. However, detachment of the non-vascularized rab-
bit retina causes a very similar degeneration pattern as
described for detached vascularized retinas, e.g. of the
pig and rat (Jackson et al., 2003; Zacks et al., 2003):
the most marked degeneration was found in the outer
retina with a markedly thinned outer nuclear layer,
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(Fig. 1A) and showed only marginal loss of second and
third order neurons; however, some indications of disor-
ganization are present, such as cystic degeneration (see
below) (Faude et al., 2001). The similar degeneration
characteristics of vascularized and non-vascularized ret-
inas oﬀers the possibility to use rabbits for the investiga-
tion and understanding of (at least certain aspects of)
cellular responses to detachment. Most impressively,
although the outer nuclear layer was markedly thinned,
there were one to three rows of photoreceptor cell nuclei
which survived even six weeks of detachment (despite of
a stable detachment and the absence of inner retinal
blood vessels) (Fig. 1A and B). The mean number of
photoreceptor nuclei per Mu¨ller cell was 2.4 after six
weeks of detachment (vs. 7.2 in the surrounding non-de-
tached areas) (Faude et al., 2001). The preservation of
few rows of photoreceptor nuclei is very similar to the
observations in vascularized retinas of rats and cats
where many photoreceptor cells survive months of
detachment (Erickson et al., 1983; Zacks et al., 2003).Fig. 1. Focal detachment of the rabbit retina causes tissue degeneration in
detached and non-detached regions of a retina which was focally detached
revealed diﬀerences between both regions especially in the ONL while the in
through a detached (left side) and a non-detached area (right side) of a rabbit
the ONL is severely reduced in thickness; however, two rows of photoreceptor
of outer segments and, in many cases, of inner segments. The small picture
segments at higher magniﬁcation. Beside apparently intact ganglion cells (GC
various sizes (yellow arrows). In the non-detached area (right side), the ONL a
however, several small groups of adjacent photoreceptor cells are in the pro
swollen photoreceptor cell bodies with altered chromatin morphology (red a
the outer segments are relatively well maintained (violet arrow). With permi
human retina (blue arrows). The cysts in the proximity of the ora serrata (red
(1936). (D) Edematous degeneration of a group of Mu¨ller cells in the attache
(blue arrow) swell, the cytoplasm is vacuolized, and the cells die after disr
disruptions of the inner limiting membrane (red arrows), and with degeneratio
INL, inner nuclear layer; IPL, inner plexiform layer; NFL, nerve ﬁber la
interpretation of the references in colour in this ﬁgure legend, the reader is rWhy some photoreceptor cells survive long-term detach-
ment is unclear (but would be of great interest since they
retain at least some capacity for recovery (Rex et al.,
2002)). Since we observed the same phenomenon in
the non-vascularized rabbit retina, the delivery of oxy-
gen and nutrients from the inner retinal circulation as
main cause (as it can be expected in vascularized retinas)
seems less likely.
In addition to the cell loss in the detached retina,
photoreceptor cell degeneration can also be observed
(albeit with smaller incidence and after longer time peri-
ods) in the surrounding non-detached retinal tissue.
However, there is an apparent diﬀerence in the mode
of photoreceptor cell death between both tissues. In
the detached retina, the degeneration of photoreceptor
cells begins in the outer segments. Detachment disrupts
the contact between the outer segments and the pigment
epithelium which results in collapse and disappearance
of the outer segments within hours and days of detach-
ment, whereas the inner segments and cell bodies may
degenerate considerably later or may survive for longerboth detached and surrounding attached retinal areas. (A) Slices of
for six weeks (above). Measurements of the retinal thickness (below)
ner retinal layers were similar in thickness. (B) Ultrastructure of slices
retina which was focally detached for six weeks. In the detached tissue,
cell nuclei are preserved. The remaining photoreceptor cells are devoid
(left below) shows surviving photoreceptor nuclei and abnormal inner
) and Mu¨ller cell endfeet (MCE), the innermost retina contains cysts of
nd the PRS are much better preserved compared to the detached area;
cess of degeneration. The small ﬁgure (right below) shows a group of
rrows); the inner segments of these cells are swollen (blue arrow), while
ssion from Faude et al. (2001). (C) Cystic degeneration of a detached
arrow) reﬂect physiological senile cystoid degeneration. From Arruga
d portion of a focally detached rabbit retina. The cells and their nuclei
uption of their plasma membranes. The cell death is associated with
n of photoreceptor cell bodies (yellow arrow). GCL, ganglion cell layer;
yer; ONL, outer nuclear layer; PRS, photoreceptor segments. (For
eferred to the web version of this article.)
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& Machemer, 1969). The example at the left side of Fig.
1B shows a slice through a rabbit retina which was
detached for six weeks; two rows of photoreceptor cell
nuclei and inner segments (albeit with shorter length
and abnormal morphology) survived this long duration
of detachment while the outer segments were completely
absent. In the attached tissue surrounding the focal
detachment, there were groups of adjacent photorecep-
tor cells which were in the process of degeneration
(Fig. 1B) (Faude et al., 2001). The degeneration of these
cells begins in the cell bodies; the cells showed swollen
cell bodies with disorganized chromatin and swollen
mitochondria within the inner segments, while the outer
segments, as well as the connection between inner and
outer segments, appeared relatively well preserved
(Fig. 1B). This atypical or inverse degeneration pattern,
which has been found in both rods and cones, suggests
that in the non-detached tissue, the support of the pho-
toreceptor cells by the neural retina, likely by Mu¨ller
glial cells, is disturbed, and that the photoreceptor
degeneration is most probably not caused by a func-
tional disturbance of pigment epithelial cells or by a dis-
ruption of oxygen and nutrient supply from the choroid.
Such dying cells were rarely found after one week but
regularly after three weeks, and abundantly after six
weeks of detachment. The morphological alterations of
the photoreceptor cell bodies and inner segments may
suggest that these cells undergo apoptosis (but this re-
mains to be proven). In the focally detached rat retina,
there is a certain level of caspase activation also in the
attached tissue, albeit at lower level (Zacks et al., 2003).3. Inner retinal degeneration
In the detached rabbit retina, the thickness of the
innermost retinal layers (nerve ﬁber layer to inner plex-
iform layer) remained virtually unchanged over several
weeks, and the thickness of the inner nuclear layer de-
creased rather moderately (Fig. 1A) (Faude et al.,
2001). However, there was some disorganization in the
inner retinal layers, as indicated by a degeneration of
single ganglion cells and by an anomalous sprouting of
enlarged lateral branches from the hypertrophied Mu¨ller
cell bodies into the plexiform layers (Fig. 2A); both phe-
nomena were also observed in the detached retina of the
cat (Fisher & Lewis, 2003).
In the rabbit retina which was detached for two days
up to six weeks, ‘‘empty spaces’’ of varying sizes were
present in the nerve ﬁber and ganglion cell layers (Fig.
1B) (Faude et al., 2001). These ‘‘empty spaces’’ in the
innermost layers of detached rabbit retina resemble cys-
tic degeneration. A cystic degeneration (in combination
or not with atrophic degeneration) has been described to
occur frequently in detached human retinas (Fig. 1C)(Arruga, 1936). Here, the cysts develop predominantly
in the outer plexiform layer, frequently in the inner nu-
clear layer, and may also be present in the nerve ﬁber
layer (Arruga, 1936). Since the location of the cysts in
the detached human retina is very similar to that ob-
served in cystoid macular edema, one may assume that
they represent edematous cysts. Intra- and extracellular
edema within the inner retinal layers (e.g. of the Mu¨ller
cell endfeet abutting the inner limiting membrane) have
been described to be an early alteration (within one day)
of the experimentally detached pig retina; the intracellu-
lar edema is associated with mitochondrial swelling
(Jackson et al., 2003). Similarly, experimental detach-
ment of the primate retina caused edematous swelling
and cystoid degeneration of the inner retinal layers
(Machemer, 1968; Machemer & Norton, 1969).
The cause of cyst formation in the inner rabbit retina
is unclear. The cysts may be formed either by develop-
ment of extracellular edema and/or by degeneration of
ganglion cells and nerve ﬁbers (Faude et al., 2001).
There are indications that the cysts are caused by extra-
cellular edema, as: (i) despite a degeneration of single
neurons in the ganglion cell and inner nuclear layers,
the overall number of neuronal cell bodies within the
ganglion cell layer is not signiﬁcantly decreased in the
detached tissue (which is also reﬂected in the unaltered
thickness of inner retinal layers; Fig. 1A) (Faude et al.,
2001); and (ii) hypertrophied Mu¨ller cells do not ﬁll
the empty spaces as it would be expected when they were
caused by degenerating neurons (and has been observed
within the spaces left by dying photoreceptor cells and
by retracted photoreceptor synapses in the outer plexi-
form layer (Erickson et al., 1983; Fisher & Lewis,
2003; Fisher et al., 1991; Lewis & Fisher, 2000)). The
morphological deformation of ganglion cells which sur-
round the cysts (Faude et al., 2001) may suggest that the
death of single ganglion cells is caused, at least in part,
by mechanical injury due to the cysts.
Very interestingly, the presence of the cysts was not
restricted to the detached retina, but was also observed
in the surrounding attached tissue, several millimeters
distant from the detachment (Fig. 1B) (Faude et al.,
2001). The morphological appearance and the location
of the cysts in the attached tissue is quite the same as
in the detached tissue. The cysts in the non-detached
inner retina are colocalized with groups of atypically
dying photoreceptor cells (while the inner plexiform
and nuclear layers do not show apparent signs of degen-
eration) (Fig. 1B); retinal portions without cysts do also
not contain degenerating photoreceptors. The colocal-
ization may suggest that both phenomenons are causally
coupled, and it is proposed that they are caused by
Mu¨ller cell dysfuction (see below).
Extracellular edema was not the only degenerative
change in these areas; sometimes there were single
Mu¨ller cells or small groups of Mu¨ller cells in the
Fig. 2. Focal detachment of the rabbit retina causes Mu¨ller cell gliosis which is not restricted to the detached tissue. (A) GFAP immunoreactivity in
slices of a rabbit retina which was focally detached for one week. GFAP-immunolabeled Mu¨ller cells were also found in the neighboring non-
detached retina, as well as in the retinal periphery. Arrows mark hypertrophied side branches of Mu¨ller cells within the inner plexiform layer. There
was no obvious GFAP immunoreactivity in the control retina (not shown). (B) Relative plasma membrane area of Mu¨ller cells which were isolated
from detached and attached portions of rabbit retinas, illustrating that cell hypertrophy is obvious after two and three days of detachment. (C) The
slice through a detached retina is stained against GFAP (green), displaying a GFAP-positive sub-retinal ﬁbrosis (arrow). All cell nuclei are blue
stained. GCL, ganglion cell layer; INL, inner plexiform layer; ONL, outer plexiform layer. (D) Relative amplitude of inwardly directed K+ currents
in isolated rabbit Mu¨ller cells in dependence on the duration of the detachment. Cells from detached and surrounding non-detached retinal portions
were recorded. Above: Examples of current records in three cells. (E) Subcellular distribution of the K+ conductance in isolated Mu¨ller cells from
control and three-days detached retinas which was recorded by focal application of a high-K+ solution onto four diﬀerent membrane domains. (F)
Examples of Ca2+ imaging records at the vitreal surface of isolated retinal wholemounts. The images were taken before (above) and during
application of ATP (below) in a control retina, and in detached and non-detached portions of a retina which was focally detached for three days. (G)
Incidence of Mu¨ller cells which responded to application of ATP with a rise of their cytosolic free Ca2+, in dependence on the duration of
detachment. After three days of detachment, retinal tissues from detached and non-detached portions were investigated. With permission from
Francke et al. (2001, 2003) and Uhlmann et al. (2003). (For interpretation of the references in colour in this ﬁgure legend, the reader is referred to the
web version of this article.)
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showed features of degeneration apparently due to
intracellular edema (Fig. 1D). The bodies, nuclei, and
mitochondria of the cells were swollen, and photorecep-
tor cell somata enveloped by these cells were in the pro-
cess of degeneration. The degeneration of swollen
Mu¨ller cells was associated with a disruption of the inner
limiting membrane (Fig. 1D), an event which may favor
the development of proliferative vitreoretinopathy.4. Mu¨ller cell gliosis
Retinal detachment causes an early reactivity of
Mu¨ller cells which includes morphological, biochemical,
and physiological alterations. Within minutes of experi-
mental detachment, Mu¨ller cells show increased protein
phosphorylation, e.g. of the ﬁbroblast growth factor
receptor and of the mitogen-activated protein kinases,and increased expression of transcription factors (Gel-
ler, Lewis, & Fisher, 2001). Within one day of detach-
ment, Mu¨ller cells begin to proliferate and increase
their expression of intermediate ﬁlaments, vimentin
and glial ﬁbrillary acidic protein (GFAP) (Fig. 2A)
(Fisher et al., 1991; Jackson et al., 2003; Lewis, Guerin,
Anderson, Matsumoto, & Fisher, 1994, 1995). The
detachment-induced proliferation of Mu¨ller cells is tran-
sient and peaks at three to four days of detachment
(Erickson, Guerin, & Fisher, 1990; Fisher & Lewis,
2003; Fisher et al., 1991). At this point of time, Mu¨ller
cell hypertrophy is obvious in the retina (Fig. 2B) where
the cells ﬁll the spaces left by dying photoreceptors, and
in the sub-retinal space (Fisher et al., 1991; Lewis &
Fisher, 2000). The development of a sub-retinal ﬁbrosis
by outgrowing Mu¨ller cell processes (Fig. 2C) inhibits
the regeneration of outer photoreceptor segments after
successful reattachment (Anderson et al., 1986). Hyper-
trophied side branches of Mu¨ller cells which grow into
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tion of synaptic contacts which are disconnected, for
example, by the retraction of synaptic terminals of pho-
toreceptor cells (Erickson et al., 1983). The expression of
Mu¨ller cell proteins which are involved in homeostatic
functions of Mu¨ller cells and in glio-neuronal interac-
tions, such as glutamine synthetase, cellular-retinalde-
hyde-binding protein, and carbonic anhydrase, are
down-regulated in detached retinas (Fisher & Lewis,
2003; Lewis et al., 1999a; Marc et al., 1998). The Mu¨ller
cell gliosis may be caused (directly or indirectly) by the
detachment-induced hypoxia, since Mu¨ller cell prolifer-
ation and hypertrophy were shown to be reduced by
oxygen supplementation (Lewis et al., 1999a), and may
be mediated by growth factors and cytokines such as
basic ﬁbroblast growth factor released by cones (Lewis,
Erickson, Guerin, Anderson, & Fisher, 1992), or by
direct contacts between cones and Mu¨ller cells (Lewis
& Fisher, 2000).
In the focally detached retina of the rabbit, the gliotic
response of Mu¨ller cells was not restricted to the de-
tached tissue but was also observed in the surrounding
non-detached tissue, as indicated by an up-regulated
expression of vimentin and GFAP (Fig. 2A), as well as
by the hypertrophy of cells (Fig. 2B). The appearance
of elevated GFAP levels in Mu¨ller cells of non-detached
retinal portions was dependent on the duration of
detachment; while at two days of detachment, only faint
GFAP staining was found in some Mu¨ller cells in the
neighboring attached tissue, marked staining was ob-
served after one week of detachment, and after three
weeks, virtually all Mu¨ller cells throughout the entire ret-
ina expressed GFAP immunoreactivity (Francke et al.,
2001). The GFAP expression by cells in the retinal
periphery may be more modest than in the detached area,
as indicated by the restriction of expression to the vitreal
half of the cytoplasm (Fig. 2A). These data suggest a
spread of the gliotic response from the focally detached
into the surrounding non-detached tissue. A similar
spread of Mu¨ller cell reactivity has been observed when
multiple laser lesions were applied to the rabbit retina
(Humphrey, Constable, Chu, & Wiﬀen, 1993).
Mu¨ller cells of the detached rabbit retina display
early alterations of physiological parameters. One of
the main functions of Mu¨ller cells in the normal retina
is the maintenance of the extracellular ion and water
homeostasis (Newman & Reichenbach, 1996). During
light-evoked neuronal activation, the extracellular K+
level increases markedly in the plexiform layers, and in
order to avoid K+-induced neuronal hyperexcitation
and glutamate toxicity, Mu¨ller cells take up the excess
K+ via K+ channels expressed in their plasma mem-
branes, and release it into the inner retinal blood vessels
and into the vitreous. The K+ conductance of rabbit
Mu¨ller cell membranes is unevenly distributed, with a
high expression level of K+ channels in membranes ofthe endfoot which abut the vitreous body (Fig. 2E)
(Newman, 1987). After detachment, the Mu¨ller cells
show an early down-regulation of their expression of
functional K+ channels (Fig. 2D) (Francke et al., 2001;
Uhlmann et al., 2003), with decreases in all cell mem-
brane areas (Fig. 2E). In addition to Mu¨ller cells of
the detached areas, cells in the surrounding non-de-
tached retina display also a down-regulation of their
K+ channel expression, albeit after a longer time period
(Fig. 2D) (Francke et al., 2001).
Another characteristic feature of gliotic Mu¨ller cells in
the rabbit retina is the increase of their intracellular Ca2+
responsiveness to stimulation of purinergic P2Y recep-
tors with extracellular adenosine 5 0-triphosphate (ATP)
or with other types of nucleotides (Francke et al., 2002,
2003). In the normal retina, only few Mu¨ller cells re-
spond to ATP with a transient rise of their cytosolic
Ca2+ (Fig. 2F and G). After detachment, the incidence
of responding cells increases markedly, up to a high value
after three days of detachment which is comparable to
that observed in experimental proliferative vitreoreti-
nopathy (Fig. 2G) (Uckermann et al., 2003; Uhlmann
et al., 2003). As observed in the cases of intermediate ﬁl-
ament and K+ channel expression, the alteration of the
Ca2+ responsiveness was not restricted to the detached
retina but was also observed in the non-detached tissue,
albeit with lower amplitude (Fig. 2F and G). The mech-
anism of elevated Ca2+ responsiveness upon purinergic
receptor stimulation is unclear; however, recent observa-
tions on cultured Mu¨ller cells which show that growth
factors and cytokines such as platelet-derived, epidermal,
and nerve growth factor resensitize P2Y receptors which
were depressed in their function by agonist application
(Weick, Wiedemann, Reichenbach, & Bringmann, in
press) may suggest an involvement of intraretinally re-
leased soluble factors in the induction of this gliotic alter-
ation. In addition to this signaling from growth factor
receptors to P2Y receptors, there is a signaling from
P2Y receptor activation to growth factor receptors in
cultured Mu¨ller cells which is mediated by P2Y recep-
tor-stimulated autocrine/paracrine release of various
factors such as heparin-binding epidermal and platelet-
derived growth factors (Milenkovic, Weick, Wiedemann,
Reichenbach, & Bringmann, 2003). Since P2Y receptor
activation stimulates the proliferation of cultured Mu¨ller
cells (Milenkovic et al., 2003; Moll et al., 2002), it has
been suggested that, as well as the alteration of the plas-
ma membrane K+ currents (Bringmann et al., 2000),
the enhanced responsiveness to ATP may also contribute
to the proliferation of Mu¨ller cells in the detached
retina (Bringmann, Pannicke, et al., 2003). A relation
between enhanced P2Y receptor responsiveness and
down-regulation of K+ channel expression has been sug-
gested based upon the observation that cells in detached
retinas which respond to ATP display signiﬁcantly
smaller K+ currents (Uhlmann et al., 2003). A depressing
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ductance and cell hypertrophy (Uhlmann et al., 2003)
may be explained by the inhibiting action of the sub-
stance on both P2Y and growth factor receptor signa-
lings. Both the decrease of K+ currents and the
increase of responsiveness to ATP are signs of a de-diﬀer-
entiation of rabbit Mu¨ller cells in pathologicalcondi-
tions, since the postnatal diﬀerentiation of immature
cells (which is associated by ceasing of precursor cell
proliferation) is accompanied by a marked increase of
K+ channel expression (Bringmann, Biedermann, &
Reichenbach, 1999) as well as by a decrease of the respon-
siveness to ATP (Uckermann, Grosche, Reichenbach, &
Bringmann, 2002).5. Mu¨ller cell gliosis may contribute to retinal
degeneration
At present, one can only speculate about the reason
for the atypical or inverse photoreceptor cell degenera-
tion and for the cyst development in the attached tissue
surrounding a focal detachment. Since the contact be-
tween the pigment epithelium and the photoreceptors
is apparently not disturbed in the attached tissue (which
is reﬂected by the well-preserved outer segments), the
atypical photoreceptor cell degeneration is likely not
mediated by deprivation of the oxygen and nutrient sup-
ply from the choroid (as it has been suggested to be the
cause for the photoreceptor cell degeneration in the de-
tached tissue). Since we used the non-vascularized rabbit
retina in our experiments, a deprivation of nutrient sup-
ply from the inner retinal vasculature may also be ruled
out as a causative factor. The inverse mode of photore-
ceptor cell degeneration in the attached tissue (from the
cell bodies to the outer segments) suggests that the sup-
port of the photoreceptor cells by the neural retina,
likely by Mu¨ller glial cells, is disturbed. The down-regu-
lation of glial K+ channel expression may indicate that
glial homeostasis mechanisms are disturbed in both
the detached and non-detached retina. Is there a causa-
tive relationship between the spread of Mu¨ller cell gliosis
and the spread of the retinal degeneration from the de-
tached into the surrounding non-detached tissue? In
the following, we propose a hypothetical mechanism
how dysfunctional Mu¨ller cells in the non-detached tis-
sue may contribute to the spread of retinal degeneration.
A down-regulation or closure of K+ channels in gli-
otic Mu¨ller cells which is observed in both the detached
and attached tissues (Fig. 2D) should have deleterious
consequences for retinal function since the K+ channels
of Mu¨ller cells are crucially involved in the mainte-
nance of the extracellular K+ homeostasis (Newman &
Reichenbach, 1996). A decreased uptake of neuronally
released K+ by Mu¨ller cells in the outer retina may cause
overexcitation and intracellular Ca2+ overload of photo-receptor cells, resulting in apoptosis which is associated
with an alteration of chromatin morphology, cell swell-
ing, and swelling of mitochondria in the inner segments
(Fig. 1B). On the other hand, the outer segments are pre-
served due to the unaltered contact to the pigment epi-
thelial cells.
The atypical photoreceptor cell degeneration in the
attached tissue is associated with the presence of cysts
in the inner retina likely caused by extracellular edema
(Fig. 1B). The cause of edema development in the de-
tached and non-detached tissues is unknown. Leakage
of the outer blood-retinal barrier constituted by the pig-
ment epithelium, and subsequent serum protein inﬂow
(which osmotically drives water into the tissue) is unli-
kely to be the cause of cyst formation in the rabbit retina
since the intraretinal serum protein distribution is re-
stricted by the outer plexiform layer (Antcliﬀ, Hussain,
& Marshall, 2001) which would result in water accumu-
lation and cyst formation in the outer retina (and not in
the inner retina, as observed). Generally, water accumu-
lation within the retina may be caused by vascular leak-
age resulting in water movement from the blood into the
retinal interstitium, or by disturbed water redistribution
from the retinal parenchyma into the blood or vitreous.
While the sub-retinal space (and possibly the outer part
of the neural retina) is normally dehydrated by the pig-
ment epithelium (which is the basis for the proper
attachment of the neural retina to the pigment epithe-
lium: Marmor, 1999; Pederson, 1994), the inner retina
is suggested to be dehydrated via the K+ clearance func-
tion of Mu¨ller cells: the currents of neuronally released
excess K+ ﬂow through the Mu¨ller cell bodies and drive
osmotically water from the retinal interstitium through
the Mu¨ller cells into the blood and vitreous (Bringmann,
Reichenbach, & Wiedemann, 2004; Nagelhus et al.,
1999). This implicates that an eﬀective K+ clearance by
Mu¨ller cells is necessary for the dehydration of the inner
retina. However, when Mu¨ller cells become gliotic dur-
ing retinal diseases, e.g. after transient ischemia or dur-
ing detachment, they down-regulate their expression of
functional K+ channels; this down-regulation should
disturb the retinal K+ clearance as well as the inner ret-
inal dehydration, and, therefore, may induce inner reti-
nal edema development and cyst formation (Bringmann,
Reichenbach, et al., 2004; Pannicke et al., 2004). During
acute ischemic conditions, Mu¨ller cells may rapidly close
their K+ channels, due to the ATP dependence of chan-
nel activation (Kusaka & Puro, 1997). In vascularized
retinas, the predominant K+ channel subtype thought
to mediate K+ currents between retinal and extraretinal
spaces (the Kir4.1 channel subtype: Ishii et al., 1997;
Kofuji et al., 2000), and the highest membrane conduc-
tance for K+ ions, are located in plasma membrane do-
mains of Mu¨ller cell sheets which envelop the blood
vessels in the inner nuclear layer, as well as in endfeet
membranes which abut the vitreous body (Fig. 3A)
Fig. 3. Proposed mechanisms of retinal cyst formation and glial cell-mediated spread of retinal degeneration from the detached into the attached
tissue. (A) The sub-cellular distribution of the predominant K+ channel subtype in Mu¨ller cells (the Kir4.1 channel) correlates with the distribution of
edematous cysts in detached retinas. In vascularized retinas, the Kir4.1 protein is predominantly expressed in Mu¨ller cell membranes which abut the
vitreous body (arrowhead) and which surround the retinal vessels (arrows), beside a small expression at the outer limiting membrane. In non-
vascularized retinas, the Kir4.1 protein is mainly expressed at the inner limiting membrane (arrowhead), beside a smaller expression at the outer
limiting membrane (arrow). The down-regulation of K+ channel expression by Mu¨ller cells after detachment may cause accumulation of K+ ions in
the retinal tissue at sites where Mu¨ller cells predominantly extrude K+ into extra-retinal spaces (i.e., in vascularized retinas into the retinal vessels, in
non-vascularized retinas into the vitreous). The resulting higher osmotic pressure at these tissue sites may cause water inﬂux from the blood into the
INL in the case of vascularized retinas (which may underlie cyst formation within the INL and perhaps OPL), and water inﬂow from the vitreous in
the case of non-vascularized retinas which may cause cyst formation in the nerve ﬁber and ganglion cell layers. (B) The spread of gliotic Mu¨ller cell
responses from focally detached into non-detached portions of the rabbit retina may be mediated by soluble factors. Detachment causes intraretinal
release of ATP and growth factors which diﬀuse into the surrounding tissue. Only those Mu¨ller cells which express P2Y or growth factor receptors
respond with gliotic alterations. The autocrine release of ATP and growth factors by these stimulated cells may induce gliotic alterations in
neighboring Mu¨ller cells which results in small groups of cells which cause extracellular edema formation, or which degenerate due to intracellular
edema. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; OPL, outer plexiform layer.
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1987). However, in Mu¨ller cells from non-vascularized
retinas, e.g. from the guinea pig (Fig. 3A) (Newman,
1987) and from the rabbit (Fig. 2E), the endfeet mem-
branes display the highest K+ conductance, and the
Mu¨ller cells release the excess K+ predominantly into
the vitreous (some release may also occur into the sub-
retinal space). There is an apparent correlation between
the K+ secretion sites of Mu¨ller cells in the vascularized
retinas (predominantly into the vessels in the inner nu-
clear layer) and non-vascularized retinas (into the vitre-
ous) and the locations of cysts in both types of retinas
(inner and outer plexiform layers vs. nerve ﬁber and
ganglion cell layers) (Fig. 3A). When the release of ex-
cess K+ is disturbed, K+ accumulates within the Mu¨ller
cells and in the neighboring retinal interstitium. The
accumulation of K+ causes a high osmotical pressure
of the retinal tissue. The only borders to extra-retinal
spaces which display stable low K+ levels (and relatively
low osmotical pressure) are the Mu¨ller cell membrane
domains contacting the vessels and the vitreous. The
great osmotical gradient at these borders favors water
movement into the Mu¨ller cells (and subsequently, into
the retinal interstitium) at these sites. We suggest that
the down-regulation of functional K+ channels in Mu¨ller
cells contributes to both the cyst formation in the inner
retina and the photoreceptor cell degeneration in the out-
er retina; water accumulates in the retinal tissue where
regularly the excess K+ is extruded into extraretinal
spaces, and the disruption of the K+ clearance currentsmay markedly and permanently depolarize the photore-
ceptor cells; this must result in intracellular Ca2+ over-
load and induction of apoptosis. The K+ accumulation
due to the down-regulation of Mu¨ller cells K+ channels
may occur more extracellularly or intracellularly; in the
ﬁrst case, cysts develop in the retinal tissue (Fig. 1B); in
the second case, Mu¨ller cells swell and die (Fig. 1D).
How does the Mu¨ller cell gliosis spread from the de-
tached into the surrounding non-detached tissue? The
cause of this phenomenon is unclear; however, soluble
factors which are released by the detached tissue and dif-
fuse into the neighboring tissue are likely to be impli-
cated (Fig. 3B). Retinal detachment is associated with
mechanical stress of the tissue, and it has been shown
that mechanical deformation of glial cell membranes is
an important stimulus which induces autocrinous re-
lease of ATP (Newman, 2001). Additionally, retinal
detachment causes the release of various growth factors,
e.g. of ﬁbroblast growth factor (Geller et al., 2001), and
damaged cells at the edge of a retinal break may release
various intracellular molecules (Jackson & Marshall,
2004) which may activate surrounding cells. The bidirec-
tional stimulation loop between ATP and growth fac-
tors in Mu¨ller cells (with enhanced growth factor
release upon stimulation by ATP, and an enhanced sen-
sitivity of P2Y receptors induced by growth factors) may
exacerbate the intraretinal release of soluble factors
which diﬀuse from detached into attached portions of
the retina, and which may induce gliosis in Mu¨ller cells
far distant from the detachment.
2264 M. Francke et al. / Vision Research 45 (2005) 2256–2267We observed a ‘‘patchy’’ patterns of degeneration in
attached retinal areas. The photoreceptor cell degenera-
tion in the attached tissue is not uniform; small groups
of photoreceptor cells show signs of degeneration while
other groups do not (Fig. 1B) (Faude et al., 2001). Sim-
ilarly, the cysts (which are colocalized with degenerating
photoreceptor cells) are distributed non-uniformly with-
in the non-detached tissue, and groups of edematous
Mu¨ller cells are surrounded by apparently normal
Mu¨ller cells (Fig. 1D). It has been shown that the K+
current decrease in rabbit Mu¨ller cells after detachment
is highly variable; there are cells with marked decrease
and others with a small or no alteration (Uhlmann
et al., 2003); a similar heterogeneity was observed in cells
from attached retinal areas distant from detachment
(Fig. 2D, above). One may assume that the groups of
degenerating photoreceptor cell nuclei are enveloped
by single Mu¨ller cells which show a marked down-regu-
lation of their K+ conductance (Fig. 3B). Thus, both
phenomena of retinal degeneration in the attached tissue
surrounding a focal detachment (cysts in the inner layers
and atypical photoreceptor cell death in the outer layers)
may be caused by single Mu¨ller cells (or small groups of
these cells) displaying a high degree of gliosis. Why the
degree of gliosis may diﬀer among Mu¨ller cells is
unclear. We suggest that diﬀerent expression levels of
functional P2Y receptors may be involved in the deter-
mination of the severity of gliosis. In the healthy retina,
there are only some Mu¨ller cells which express func-
tional P2Y receptors (Fig. 2F). Similarly, in the attached
tissue outside of detachment, the overall ATP-induced
Ca2+ response is signiﬁcantly lower than in the detached
tissue (Fig. 2G), suggesting that there are Mu¨ller cells
that express, and cells which do not express functional
P2Y receptors. This heterogeneity of receptor expression
(which may also occur in regard to other types of recep-
tors, e.g. for growth factors) may underlie the ‘‘patchy’’
pattern of Mu¨ller cell gliosis and degeneration in at-
tached retinal areas. Small groups of gliotic or degener-
ating Mu¨ller cells may be formed when one cell which
shows a high degree of gliosis induces gliotic alterations
in the neighboring cells (Fig. 3B).
It is not known whether the gliotic alterations of
Mu¨ller cells during detachment are rather cytoprotective
or cytotoxic on retinal neurons (Fisher & Lewis, 2003).
As previously suggested for the response of cones to
detachment (Rex et al., 2002), Mu¨ller cells may enter a
state which conserves metabolic energy by down-regula-
tion of ATP-consuming molecular components (e.g. K+
channels (Kusaka & Puro, 1997), glutamine synthetase,
etc.) that are not required for the survival of Mu¨ller cells
but crucially involved in neuronal survival and activity.
It seems as if gliotic Mu¨ller cells are functionally uncou-
pled from the neurons, in order to enhance their own
survival. However, it remains to be elucidated whether
this assumption is right, or whether the gliotic altera-tions of Mu¨ller cells are caused by a disturbed commu-
nication between glial cells and neurons, resulting in
functional failures of Mu¨ller cells despite their ‘‘inten-
tion’’ to support neuronal survival.
Beside Mu¨ller cells, there are microglial cells and (in
vascularized retinas) astrocytes which form a network
of reactive gliosis during detachment. Microglial cells
which are located in the inner retina at normal condi-
tions, become early activated during experimental
detachment (Uhlmann et al., 2003). Microglial cells have
been suggested to modify photoreceptor survival by
controlling the neurotrophic factor production of
Mu¨ller cells (Harada et al., 2002), and were found to
induce degeneration of photoreceptor cells in vitro
(Roque, Rosales, Jingjing, Agarwal, & Al-Ubaidi,
1999) and the programmed neuronal cell death in the
developing retina (Frade & Barde, 1998). It seems possi-
ble (but remains to be proven) that activated microglia
may contribute to the detrimental eﬀects of reactive
gliosis upon detachment. The reactive gliosis may be a
clinically signiﬁcant limiting factor in the recovery of
vision after reattachment (Anderson et al., 1986), and
future attempts to reduce gliosis may also inhibit the
spread of retinal degeneration into retinal portions
which are not primarily destroyed.6. Conclusions
The inverse mode of photoreceptor cell degeneration,
the preservation of outer segments, and the cyst develop-
ment within the inner retina (together with the edema-
tous degeneration of single groups of Mu¨ller cells)
suggest that the degeneration of non-detached areas of
rabbit retinas is not caused by a failure of pigment epi-
thelial cells or by a disturbed oxygen and nutrient supply
from the choroid, but rather by disturbed homeostatic
mechanisms of the gliotic Mu¨ller cells. One cause of pho-
toreceptor cell death and edema development may be the
deterioration of retinal K+ clearance due to the down-
regulation of K+ channels in Mu¨ller cells. If these ﬁnd-
ings can be extrapolated to human patients, one may
assume that disturbed glial homeostasis mechanisms
contribute to the sub-optimal recovery of visual acuity
after reattachment surgery and may explain (at least par-
tially) the functional loss in attached retinal portions as
well as in the macula in cases of peripheral detachments.
The age-related decrease of K+ currents in humanMu¨ller
cells (Bringmann, Kohen, Wolf, Wiedemann, & Rei-
chenbach, 2003) may contribute to the decline of vision
return after surgical reattachment in elderly patients
(Burton, 1982). However, the proposed mechanism of
Mu¨ller cell-mediated photoreceptor cell degeneration
and spread of gliosis awaits conﬁrmation by further re-
search, and it remains to be proven whether similar alter-
ations occur also in species with vascularized retinas.
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